In this study, the substituent effect on the electronic, spectroscopic properties and thermodynamic parameters of neutral and oxidized states of ferrocylidene acetophenone complexes is investigated by adopting the hybrid meta exchangecorrelation functional of M06-2X. The frontier orbitals and the highest occupied molecular orbitals-lowest unoccupied molecular orbitals gaps of the substituted compounds are determined. Ionization potential (IP), electron affinity, and reorganization energy values of these molecules are estimated. The thermodynamic parameters (free energy and enthalpy) of the oxidation reaction of the studied complexes are calculated. Also, a variation on the wavenumber of carbonyl group in both states is revealed as the correlations between the evaluated properties and Hammett's constant are explored.
Introduction
Ferrocene and its derivatives are wellknown redox active materials and have been extensively used to fabricate modified electrodes for electrochemical sensors and biosensors. Substituting the functional groups of ferrocene offers the prospect of controlling its properties, such as its solubility, stability, oxidation potential, and reversibility of oxidation wave (important for its role as an electron transfer mediator). Adjusting the outlined molecular properties is essential for biosensor applications. In this respect, different ferrocene derivatives have been developed. In this sense, the electrochemistry of some
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Page | 412 ferrocene derivatives have been studied, and the redox potential and substituent effects have been reported [1] .
As the most straightforward method of the adjusting ferrocene properties is substitution, many studies have reported the effect of different substituents on the chemical and physical characteristics of ferrocene. Such studies can be facilitated by quantum chemical (QC) evaluations since they are useful in relating structural changes to electronic properties [2] [3] [4] [5] [6] [7] . That is why various computational investigations have reported the impact of substituting diverse functional groups on the structural, spectroscopic, and electronic features of organometallic complexes [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Furthermore, quantum chemistry can provide quantitative scales of the substituent parameters to clarify the steric or polar effects of the utilized substituents on different molecular properties. For example, the Hammett constant (p) [21] can describe the electronic effects of the substituted functional groups on the equilibrium and rate constants of a reacting molecule. In this investigation, we studied the substituent effect on the electronic properties and thermodynamic parameters of the neutral and oxidized states of ferrocylidene acetophenone complexes using the M06-2X method.
Computational methods
The QC calculations were performed using the Gaussian 09 program [22] . While the main group elements of the compounds were described by the standard basis set of 6-311G(d,p), the Fe element was considered using the standard Def2-TZVPPD basis set [23] . The geometries of the compounds were optimized by the hybrid functional of M062X, as developed by Truhlar and Zhao [24] . This method is hybrid meta exchange-correlation functionals. The M06-2X functional is a highnonlocality functional with double the amount of nonlocal exchange (2X). Substituents are F, Cl, and CN, and EDG substituents are OH and Me. Table  1 shows the absolute energy of the neutral and oxidized states of these complexes.
Illustration of the substituent effect on the electronic properties in this study has been reported. EWG Adiabatic ionization potential (IP(a)), an optimized structure for both the neutral and charged molecule) and vertical IP(v), (at the geometry of the neutral molecule) values were calculated for these molecules. Figure 1 displays the structures of the studied ferrocene derivatives. We selected electron-withdrawing groups (EWG) and electron-donating groups (EDG) for The IP(a) and IP(v) values, which were larger for molecules containing EWGs than for those having EDGs (Table 1) . A good linear correlation was seen between the IP values and the p Hammett constants ( Figure 2) :
Ionization potential
 + .
Electron affinity Adiabatic and vertical electron affinity values of the studied ferrocene derivatives have been summarized in Table 1 . It can be seen that the EA(a) and EA(v) values are smaller for molecules containing EWGs than for those having EDGs. A good linear correlation is seen between the EA values and the p Hammett constants: 
Electron reorganization energy (λelectron)
The λelectron can be expressed as follows:  = − ( ) EEP (electron extraction potential) is the energy difference from E to E − (anionic), using E − geometric structure in calculation [25, 26] . It can be seen that the electron values are larger for molecules containing EWGs than for those having EDGs ( Table 2) .
Hole reorganization energy (λhole)
λhole for hole transfer can be expressed as follows:  = ( ) − HEP (hole extraction potential) is the energy difference from E (neutral molecule) to E + (cationic), using E + geometric structure in calculation. It can be seen that the hole values are larger for molecules containing EWGs than those having EDGs. The mobility of charges has been established to be related mainly to the internal reorganization energy λhole/electron.
The data in Table 2 show that the λhole values for all molecules are less than their corresponding λelectron values, which indicates the electron transfer rate is slower than the hole transfer rate. 
Vibrational analysis
The wavenumber values of carbonyl stretching of the studied complexes for neutral and oxidized states are listed in Table 3 . It can be found that these values increase in the presence of the EWGs. In contrast, (CO) values decrease in the presence of EDGs. On the other hand, (CO) values are higher in the oxidized than in the neutral state.
Thermodynamic parameters
The thermodynamic parameters of the oxidation of ferrocylidene acetophenone complexes are shown in Table 4 . It can be seen that the oxidation reaction is not spontaneous. On the other hand, H values reveal that this reaction is endothermic. The dependencies of the thermodynamic parameters on the Hammett's constant were explored. The linear correlations were:
 + . ; = .
It can be found that the thermodynamic parameters are higher in the presence of EWGs as compared to that in the presence of EDGs.
Analysis of molecular orbitals
The frontier orbital energy values and their gap of the studied complexes in the neutral and oxidized states are given in Table 5 . It can be seen that in the presence of X = EWGs, the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) are more stable as compared to that in the presence of EDGs. It can be found that the HOMO-LUMO gap is reduced when X = EWGs. A study of linear correlation seen between the frontier orbital energy and the pHammett constants in the neutral state showed the following correlations: 
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Therefore, there is a good linear correlation between the E(LUMO) energy and the p Hammett constants in the neutral states. On the other hand, oxidation results in an increase in the stability of frontier orbitals and a decrease of the HOMO-LUMO gap values. A good linear correlation was seen between the frontier orbital energy and the p Hammett constants in the oxidized states: Figure 3 presents plots of frontier orbitals in the ferrocylidene acetophenone complex (X = H). It can be found that the ferrocene fragment has more contribution in HOMO than in LUMO. 
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Conclusion
The computational study of substituent effect on the electronic properties of ferrocylidene acetophenone complexes showed that, EA(a) and EA(v) values are smaller for molecules containing EWGs than for those having EDGs. IP(a) and IP(v) values are larger for molecules containing EWGs than for those having EDGs. The λhole values for all molecules are less than their corresponding λelectron values indicating that the electron-transfer rate is slower than the hole transfer rate. Oxidation results in increasing the stability of frontier orbitals and decreasing the HOM-LUMO gap values. (CO) values increase in the presence of the EWGs. In contrast, (CO) values decrease in the presence of EDGs. On the other hand, (CO) values are higher in the oxidized state than in the neutral one. On the basis of the thermodynamic parameters, the oxidation reaction is not spontaneous but endothermic.
